ABSTRACT. Lily (Lilium spp), which belongs to Lilium, is one kind of monocotyledon. As a perennial ornamental plant with extremely high esthetic, edible, and medicinal value, lily has gained much favor due to its mostly showy flowers of various colors and elegant shape. In this research, we studied experimental materials in a sample of 49 individuals including 40 cultivars, nine species of wild lily, and their variants. The collection of 40 cultivars covered all six hybrids in the genus, i.e., Asiatic hybrids, Oriental hybrids, Longiflorum hybrids, LA hybrids, LO hybrids, and OT hybrids. Genetic diversity and inter-relationships were assessed through analysis of phenotypic characteristics, pollen morphology, and ISSR molecular markers. Quantitative characters were selected to analyze phenotypic variation, with results indicating greater variability in petiole length as compared to other characters. Pollen morphological observations suggested that the largest variation coefficient between all hybrids and wild species was the lumina. ISSR makers demonstrated that both cultivars and wild species possess a high level of genetic diversity. Specifically, the genetic diversity of wild lily was higher than cultivars.
INTRODUCTION
The genus Lilium belongs to the family Liliaceae, and comprises approximately 110-115 species that are distributed in the temperate and cold regions of the Northern Hemisphere (Mcrae, 1998; Liang and Tamura, 2000) , particularly in East Asia, Europe, and North America (Woodcock and Stearn, 1950; Synge, 1980; Wang et al., 2015) . Approximately 55 species occur naturally in the southwest and north of China, which is considered to be the global center of wild lily diversity (De Jong, 1974) . Molecular analysis indicates that lilies arose in Eurasia, nearly 68 million years ago (Leitch et al., 2007) . Lilies have been bred for more than 200 years (Peng, 2002; Cui et al., 2014) , and more than 10,000 cultivars have been developed to date (Younis et al., 2014) . Despite genetic similarities, species of the genus Lilium have evolved with notable phenotypic diversity, which is of considerable evolutionary significance (Patterson and Givnish, 2002) . The first botanist to classify this genus as a whole was Endlicher (1836) , who divided it into five sections based on morphological characteristics: Amblirion, Martagon, Pseudolirium, Eulirion, and Cardiocrinum. Comber (1949) proposed the most authoritative classification of the genus, classifying naturally growing lilies into seven sections and nine subsections based on 13 morphological characteristics and two germination types. The seven sections were Martagon Rchb., Pseudolirium Endl., Liriotypus Asch. and Graeb., Archelirion Baker, Sinomartagon Comber, Leucolirion Wilson, and Daurolirion Comber, respectively (Comber, 1949) . These have remained the most widely accepted taxonomical classifications.
Despite this taxonomic system, it is difficult to classify several species of Lilium based on morphological traits alone, given that some traits are shared by distantly related species (Nishikawa et al., 1999; Du et al., 2014a) . Taxonomists and botanists have gradually recognized the importance of pollen morphology in clarifying the classification of Lilium. Pollen grains should be regarded as a functional unit, with the exine ornamentation as a compromise between the following four major functions: protective, harmomegathic, reservoir, and clustering (Muller, 1979; Du et al., 2014b) . Baranova (1985) divided the morphological types of pollen into three categories: Martagon, Callose, and Concolor, depending on the pollen number, shape and arrangement of columellae. Based on previous and present studies, Du (2014b) suggested that pollen from L. formosanum should be classified as a new type, Formosanum, and proposed that the trends of pollen types were from Martagon to Callose, to Concolor, to Formosanum, as demonstrated by the evolution of an exine ornamentation. In addition, the pollen morphology of some Chinese species has been described using scanning electron microscopy (SEM) in several relevant studies (Li and Qin, 1993; Zhang et al., 2006; Wu et al., 2007) . These implicated that pollen had not only the commonness of genus but also the specificity of single species. Significant differences in pollen size and pollen ornamentation were observed, which provided a reference for the delimitation of species or subsection, and highly reflected levels of genetic diversity.
To date, various methods have been applied to evaluate the degree of genetic diversity including morphological characteristics, pollen morphology, chromosome traits, isozymes, DNA markers, and others (Gupta and Varshney, 2000) . DNA markers have proven to be valuable tools in the characterization and evaluation of genetic diversity within and between species and cultivars (Guasmi et al., 2012) . Commonly used DNA marker systems include random amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), and more recently, simple sequence repeats (SSRs). These methods have several limitations such as the low reproducibility of RAPD, high-cost of AFLP, and the need to know the flanking sequences to develop species-specific primers for SSR polymorphism. Inter-simple sequence repeats (ISSR) are among the most useful DNA markers that have overcome most of these limitations, and have been efficiently and widely used in current studies addressing the genetic variability and diversity of plants and crops (Taheri et al., 2012; Karimi et al., 2014) . At present, only a few studies have examined the diversity of Lilium species using molecular markers, including RAPD (Huang et al., 2009) , ITS (Sultana et al., 2011; Du et al., 2014a) and ISSR (Guo et al., 2011; Xi et al., 2012; Zhao et al., 2014; Cui et al., 2014) .
This research was designed to evaluate the genetic diversity and relationships among lily cultivars. This was achieved through assessment of morphological characters, pollen morphology, ISSR molecular markers, and the use of advanced statistical analyses. The results gained using three independent lines of evaluation provide an objective and accurate assessment of genetic diversity and phylogenetic relationships. This study further provides a theoretical foundation and important reference for lily germplasm research, development, utilization, and cultivation of new varieties with independent intellectual property rights. Additionally, our findings have significance in studies of crossbreeding-assisted molecular markers (Peruzzi et al., 2009 ).
MATERIAL AND METHODS

Plant materials
The study was carried out with 49 accessions, which consisted of 16 Asian hybrids, seven Oriental hybrids, two Longiflorum hybrids, four LA hybrids, one LO hybrid, nine OT hybrids, and nine species of wild lily. A list of accessions used along with species name, cultivar names and classification is presented in Tables S1, S2, and S3.
Our collection of 40 cultivation species were planted in the experimental greenhouse of Beijing Forestry University (116.3°E, 40.0°N), and maintained at 22°-25°C /17°-20°C temperatures, under natural irradiance conditions. The lily bulbs were cultivated in standard plastic boxes (60 cm x 40 cm x 25 cm) using a matrix formulation for Peat:Perlite:vermiculite grown = 3:1:1. Approximately 10-15 bulbs were planted in each box, with the final number of bulbs dependent on bulb size. Prior to planting the bulbs into boxes, 30 min disinfection with a 1:500 dilution of carbendazim was performed.
Tissue culture techniques were used to preserve nine species of wild lily used in this experiment. The culture medium was basic MS medium with 0.5 mg/L NAA, 1.0 mg/L BA, 6 g Agar and 30 g sugar. The pH value of culture medium was in the range of 6.2-6.4.
Measurement of morphological traits
A previous study conducted by Zhang et al. (2000) and Xiang et al. (2005) demonstrated that 18 neutral like traits, including ten quantitative traits and eight qualitative traits, can be used to distinguish lily species. The ten quantitative characteristics selected for analysis of phenotypic variation were plant height, ground diameter, inner petal width, ovary length, style length, pedicel length, flower diameter, anther length, petiole length, and flower number. Eight quantitative characteristics were also analyzed, including leaf shape, flower type, flower gesture, flower fragrance, anthers inserted mode, anthotaxy, flower color, and tepal spotting.
Pollen morphology observation
Morphological observations were conducted using SEM. Pollen for SEM was taken from flower buds just prior to the opening of the anthers. In order to collect pollen, isolated anthers were placed on Petri dishes and kept at room temperature for 24 h, allowing drying of the pollen. Dry pollen grains were then mounted onto the surface of polished aluminum stubs using double-sided adhesive tape. Each stub was sputter coated with a gold layer and taped to the object stage. Observation and image acquisition were made using a Hitachi S-3400 SEM following Avetissian (1950) . All microscopy procedures were performed at the Biotechnology Centre, Beijing Forestry University. Biometric measurements were made using Image-Pro plus 6.0 (Media Cybernetics, USA). For each sample, measurements were made on 30 mature pollen grains, which were correctly formed and chosen randomly. Parameters determined included the polar axis (P), equatorial diameter (E), P/E ratio, lumina, and muri width. These five parameters, as well as exine ornamentation, were selected for Q-cluster analysis.
Data analysis
SPSS 18.0 was used for all statistical analyses. Relationships between the 18 morphological traits assessed were examined using Pearson's correlation coefficients and principal component analysis (PCA). Differences between cultivars were examined based on the maximum, minimum, average, standard deviation, range, and variation ratio of pollen characteristics of 30 individuals.
Cluster analysis was utilized to test for differences between the 39 cultivars under study (Table S1 ). Key traits obtained from the result of PCA were considered, i.e. petiole length, pedicel length, leaf shape, flower gesture, flower type, ground diameter, style length, tepal spotting, flower number, plant height, flower diameter, anther length, and flower anthers inserted mode. Another cluster analysis was performed that included data from 22 cultivars and 2 species (Table S2) . Pollen morphological characters including P, E, P/E ratio, lumina, muri width, and exine ornamentation were selected for Q-cluster analysis. The Euclidean coefficient distance factor was adopted as the genetic distance of clustering units.
DNA extraction and ISSR-PCR
The 40 cultivars, nine wild lilies and their variants were investigated using ISSR markers (Table S3 ). Plant genomic DNA was extracted from young leaves using a genome DNA kit Tiangen DP305-03 (Tiangen Biotech, Beijing, China) following the manufacturer protocol. For wild lily species, robust leaves used for DNA extraction were obtained from tissue culture seedlings. DNA quality was estimated on an agarose gel (1.2%) stained with ethidium bromide. Purified genomic DNA was quantified using a Nano Drop 2000. Extracted DNA was kept at -20°C prior to molecular marker testing.
Of the 15 primers tested for ISSR amplification, 11 produced reliable banding patterns with high reproducibility and clear band resolution, and thus, were used during the present study. The PCR program was set as follows: an initial denaturation step at 94°C for 5 min followed by 45 cycles of 50 s at 94°C, 45 s for annealing at the primer-specific melting temperature, and 75 s at 72°C (elongation step). A final extension for 8 min at 72°C followed this cycle.
RESULTS AND DISCUSSION
Correlation analysis between the traits of lily cultivars
The results of correlation analysis between morphological characteristics of the 39 lily cultivars are demonstrated in Table 1 . The main nutritional traits for lily included plant height, ground diameter, pedicel length, petiole length, and leaf shape. Positive correlations were apparent between pedicel length and both plant height (r = 0.40), and petiole length (r = 0.63). In contrast, leaf shape demonstrated significant negative correlations with petiole length (r = -0.82) and pedicel length (r = -0.57).
The 
PCA of lily cultivar traits
PCA was performed on the correlation matrix of the evaluated variables. Six principal components were needed to account for 76.69% of the total variation in the data, whereby 23.66% was represented by the first component, corresponding mainly to three characteristics: petiole length, pedicel length, and leaf shape. The second principal component represented 15.58% of cumulative variance and was positively correlated with the following variables: flower gesture, flower type, ground diameter, and style length. The third principal component accounted for 10.97% of the total variation and was associated with two characteristics: tepal spotting and flower number. The fourth principal component represented 9.67% of the total variation and was associated with two characteristics: plant height and flower diameter. The fifth principal component accounted for 8.62% of the total variation, and was associated with two characteristics: anther length and flower anthers inserted mode. Finally, the sixth principal component represented 8.20% of the total variation and was associated with flower color (Tables 2 and 3) . Therefore, 13 key traits, i.e., petiole length, pedicel length, leaf shape, flower gesture, flower type, ground diameter, style length, tepal spotting, flower number, plant height, flower diameter, anther length, and flower anthers inserted mode, were selected from 18 neutral like traits. ** and * indicate the significance of P ≤ 0.01 and P ≤ 0.05, respectively. 
Analysis of pollen morphology and genetic diversity of lily cultivars
A description of the pollen grain morphology of the lilies studied is provided below and illustrated with SEM photographs (Figures 1 and 2 ). Pollen grains occur as monads. The pollen morphology of lily was characterized as long-ellipsoidal in the polar view, and different cultivars showed different exine ornamentation. The exine patterns appeared to be reticulate with muri formed by different kinds of columellae.
Given that only one specimen of LO hybrids and Longiflorum hybrids was included in materials, the study of variation within cultivars and species was analyzed in the rest of series of hybrids, i.e., Asiatic hybrids, LA hybrids, OT hybrids, Oriental hybrids, and wild lily. Results highlighted that the lumina demonstrated the largest variation coefficient across all hybrids, as well as wild species. The second largest variation coefficient was different between cultivars and wild species. For the cultivars, the second largest variation coefficient was the muri width, and for wild species was the P/E value. In general, for the same pollen morphological index, the coefficient of variation between different series was greater than the variation within the series. On the whole, regardless of cultivars or wild species, the five pollen characteristics assessed during the present study highly reflected the levels of genetic diversity apparent (Table 4 ) . 
Analysis of Q-cluster and genetic diversity of lily cultivars
As shown in Figure 3 , the results of Q-cluster analysis indicated that the 39 cultivars could be classified into nine groups. The first group consisted of No. 6, No. 8, No. 9, No. 10, No. 11, No. 12, No. 13, No. 15, No. 16, and No. 17 cultivars of lily, belonging to Asiatic hybrids, in addition to No. 18 'Red alert', which represented LA hybrids. The second group was composed of No. 1, No. 2, No. 3, No. 4, and No. 5 cultivars of lily, pertaining to Asiatic hybrids, and No. 19 'Suncrest', pertaining to LA hybrids. The third group included three cultivars, No. 26, No. 27, and No. 28 , belonging to OT hybrids. The fourth group was composed of No. 20, No. 22, No. 23, No. 24, No. 25, No. 31, and No. 32 cultivars of lily, involving four series: LO, LA, OT hybrids, and Longiflorum hybrids. Members of this group appeared to be more complex, representative of LO hybrids was No. 22 'Triumphator', and of LA hybrids was No. 20 'Honesty'. No. 25 'Yelloween', No. 31 'S' and No. 32 'V' belonged to OT hybrids, No. 24 'Miyabi', and No. 23 No. 29, No. 30, No. 33, No. 34, No. 35, and No. 37 lily cultivars, including Oriental hybrids and OT hybrids two series; among them No. 39 'Robina', No. 30 'Golden' and No. 33 'Concador' were OT hybrids; No. 34 'Legend' and No. 35 'Siberia' belonged to Oriental hybrids. In the eighth group, No. 21 'Dazzling' was LA hybrids. In the ninth group, No. 14 'Elite' was Oriental hybrids. A further cluster analysis was performed using six pollen morphological traits (Figure 4) . Twenty-two cultivars and 2 species were clustered into eight groups: The first group included No. 3, No. 5, No. 7, No. 16, No. 19, and No. 20 No. 6, No. 8, No. 10, No. 14, No. 17, No. 18, and No. 22, belonging The results showed that cultivars of lily were highly heterozygous. And only single level of clustering method could not obtain the entirely consistent result with the current classification criteria presented by Royal Horticultural. In order to get an accurate clustering result, several methods should be combined scientifically and reasonably at different levels. To reveal the genetic relationships among all samples at different levels, cluster analysis was carried out using both phenotypic characteristics and pollen morphology. Cluster analysis allows for objective examination of the classification results using existing data and provides new ideas for modifying or improving the existing classification systems.
Analysis of ISSR markers and genetic diversity of lily cultivars
Of the 15 primers, 11 primers produced reliable banding patterns with high reproducibility and clear band resolution, and were tested for ISSR amplification (Table 5) . Of 180 fragments produced, 179 polymorphic bands (99.44%) were used to evaluate genetic relationships within 40 cultivars. The percentage of polymorphic bands (PPB), observed number of alleles (N A ), effective number of alleles (N E ), Nei's gene diversity (h), and Shannon's information index (I) was 99.44%, 1.9944, 1.2461, 0.1692, and 0.2870, respectively. There were 76 amplified bands and 74 polymorphic loci for nine wild lilies and their variants, and the major indexes were as follows: PPB = 97.37%, N A = 0.9737, N E =1.6207, h = 0.1639, I = 0.5389.
The percentage of polymorphic loci in Asiatic hybrids, Oriental hybrids, OT hybrids, LA hybrids, Longiflorum hybrids, and LO hybrids was 72.22, 56.67, 51.67, 36.67, 12.78 , and 0%, respectively (Table 6 ). The genetic diversity among different groups of Lilium cultivars is shown in Table 7 . Nei's gene diversity (h) ranged from 0.0000 to 0.1526, with a total of 0.1692, and Shannon's diversity index (I) ranged from 0.0000 to 0.2505. Tm: melting temperature. The results of the present study indicated that both cultivars and wild species demonstrated a high level of genetic diversity. Specifically, the genetic diversity of wild lilies was higher than cultivars.
